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Using Scenarios to Evaluate Vulnerability of Grassland
Communities to Climate Change in the Southern Great
Plains of the United States

By Daniel J. Manier, Natasha B. Carr, Gordon C. Reese, and Lucy Burris

Abstract

Scenario planning is a useful tool for identifying key vulnerabilities of ecological systems to changing climates, informed by the
potential outcomes for a set of divergent, plausible, and relevant climate scenarios. We evaluated potential vulnerabilities of grassland
communities to changing climate in the Southern Great Plains (SGP) and the Landscape Conservation Design pilot area (LCD) for the
U.S. Fish and Wildlife Service, Science Applications Program, Great Plains Landscape Conservation Cooperative. Four climate scenarios
(warm-dry, warm-wet, hot-dry, and hot-wet) from atmospheric-ocean general circulation models were selected to represent a suite of
plausible future climatic conditions. For each scenario, and for contemporary climatic conditions, we predicted the spatial patterns of
relative productivity for indicator grass species using statistical models of relative above-ground net primary productivity (hereafter,
productivity) based on temperature, precipitation, and soil texture (percent sand, silt, or clay).

Two indicator grass species were selected to represent each of four focal grassland communities: semi-desert grasslands, shortgrass
prairie, mixed-grass prairie, and tallgrass prairie. Changes in spatial patterning of bioclimatic conditions conducive for each indicator
species as predicted for each climate scenario relative to current land use were used to evaluate potential vulnerability and conservation
opportunities for grassland communities. Specifically, the following questions were addressed for each focal grassland community:

(1) Where is the productivity of each species predicted to increase, decrease, or remain stable relative to estimated contemporary
productivity for the SGP and LCD pilot area, (2) where is the productivity of the two indicator species for each community predicted
to increase, decrease, or remain stable, (3) which grassland communities are most vulnerable to changes in composition and vertical
structure, (4) how do current land-use patterns contribute to potential vulnerabilities of grassland communities for the climate scenarios
evaluated, and (5) how can managers use the vulnerabilities identified to evaluate conservation opportunities in the SGP and LCD?

Current land-use patterns, in combination with the potential effects of a changing climate, pose greater risks to mixed-grass and
tallgrass prairies of the SGP compared to semi-desert grasslands and shortgrass prairie. For most climate scenarios evaluated, bioclimatic
conditions conducive to the taller species were predicted to contract within some or all the current distribution of mixed-grass and tallgrass
prairies within the SGP. An increase in precipitation, however, could potentially ameliorate the negative effects of increasing temperatures
as evidenced by higher productivity for the hot-wet scenario compared to the other scenarios for the most vulnerable species. Compounding
their greater vulnerability to increasing temperatures coupled with decreasing precipitation, the mixed-grass and tallgrass prairies have
been greatly fragmented and converted, primarily by agriculture. In contrast, the climate scenarios evaluated are generally conducive
to stable or increasing productivity of indicator species for semi-desert grasslands and shortgrass prairie. In addition, conversion and
fragmentation of semi-desert grasslands and shortgrass prairie were relatively low. These results suggest that the synergistic effects of
land use and changing climatic conditions could have the greatest effects on the composition and structure of mixed-grass and tallgrass
prairies in the SGP. ScienceBase data release files that support this report are available at https://doi.org/10.5066/P9DGJHEP
(Manier and others, 2019).

Introduction

Grasslands of the Great Plains of the United States are characterized by cold, dry winters and hot summers with episodic precipi-
tation, which favors grasses over trees and shrubs (Sims, 1988; Hayden, 1998; Lauenroth and others, 2014). Historically, the species
composition, vertical structure, and community dynamics of Great Plains grasslands were driven by the interactive effects of climate,
disturbance (such as herbivory and fire), topography, and soils (Epstein and others, 1998; Hayden, 1998; Martinson and others, 2011;
Lauenroth and others, 2014). The climate and soils that support Southern Great Plains (SGP) grasslands are also suitable for dryland
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agriculture, irrigated croplands, and rangelands for domestic livestock. Consequently, an estimated 43 percent of the SGP grasslands has
been converted and fragmented by development, primarily conversion to croplands and in some areas, energy development (Reese and
others, 2017). In addition, altered grazing regimes resulting from a shift in dominance from native herbivores to domestic livestock, fire
exclusion, and the spread of invasive species can affect community structure (Conner and others, 2001). Conversion and fragmentation
of grasslands can reduce the capacity of species to adapt to changing climatic conditions, and in turn, changing climates can compound
the effects of land use. Assessing the vulnerability of grasslands of the SGP to changing climates and development are priority manage-
ment issues for a variety of Federal agencies and other stakeholders (Reese and others, 2017).

Scenario planning is a valuable tool for applying climate science to the management of natural resources because of the fundamen-
tal uncertainties associated with climate change and the consequences for species and communities (Gross and others, 2016; Miller and
others, 2017; Symstad and others, 2017a, b). Sources of uncertainty include the magnitude, direction, and spatiotemporal patterning of
temperature and precipitation changes, the frequency and magnitude of episodic events such as drought, and the response of species to
changing and possibly novel conditions, such as the interactive effects of climate, soils, and the influence from other species (Pearson
and Dawson, 2003; Heikkinen, and others, 2006, Wiens and others, 2009). Climate scenarios, in conjunction with quantitative models,
can be useful for identifying potential vulnerabilities to climate change and developing feasible strategies for reducing risks to priority
ecological communities (Peterson and others, 2003; Symstad and others, 2017a, b). Managers can gain insight into potential alternative
outcomes from a set of scenarios to assess relative risk among ecological communities, identify regions with the potential vulnerabilities,
and develop management strategies to promote the capacity of ecological communities to adapt to potentially complex and uncertain
natural and anthropogenic changes (Peterson and others, 2003; Fisichelli and others, 2016; Gross and others, 2016).

We evaluated three components of vulnerability: potential exposure, sensitivity to projected changes, and the capacity for adapta-
tion (Gonzalez and others, 2010). Potential exposure was represented using the projected deviation of each climate scenario from current
conditions. Sensitivity and adaptation were addressed by modeling the predicted effects of climate scenarios on the net, above-ground,
primary productivity (hereafter, productivity) of eight indicator species. We evaluated sensitivity within the current spatial extent of the
focal grassland community, and we evaluated capacity for adaptation using expansion of bioclimatic conditions outside of the focal
grassland community but within the SGP. Contraction of bioclimatic conditions conducive for a grass species within the current range
of the focal community was used to indicate high sensitivity and vulnerability to the climate scenarios evaluated, whereas expansion
or shifts of bioclimatic conditions conducive for a grass species outside the current range of the focal community was used to indicate
potential for adaptation and low vulnerability. Fragmentation of existing grassland communities by development was also used to evalu-
ate adaptive capacity. A parallel effort (Sohl and others, 2017), focused on projected land-use changes in the SGP and LCD regions using
the same set of four climate scenarios evaluated here.

Evaluating the potential effects of climate change was a priority for the Great Plains Landscape Conservation Cooperative
(GPLCC), a collaborative public and private partnership that provides science and tools for resource managers in their efforts to conserve
the species and communities of the Southern Great Plains (Great Plains Landscape Conservation Cooperative, 2011). Landscape Conser-
vation Design (LCD), was a partner-driven approach used by the GPLCC to promote management of sustainable, working landscapes
that can adapt to regional and global change, including land-use and climate change (Bartuszevige and others, 2016). In a complementary
effort, the Bureau of Land Management (BLM) recently completed a Rapid Ecoregional Assessment (REA) of ecological communities
in the Southern Great Plains, which synthesized broad-scale information to evaluate the landscape condition of ecological communities in
response to change agents including climate change (Reese and others, 2017).

The priority grassland communities for the Southern Great Plains REA were shortgrass, mixed-grass, and sand prairies (Reese and
others, 2017). Although the historical distribution of these grassland types was widespread and contiguous across the region, the cumula-
tive effects of land use, as indicated by the terrestrial development index (TDI), has reduced the extent and continuity of these grasslands
(fig. 1) (Reese and others, 2017). To evaluate vulnerability and conservation opportunities for the priority grassland communities of the
SGP and the Landscape Conservation Design pilot region for the GPLCC (fig. 1) (Broska, 2013), we used the relative productivity of
indicator species as predicted for each climate scenario in relationship to spatial patterns of land use. Specifically, the following questions
were addressed for shortgrass, mixed-grass, tallgrass, and semi-arid grassland communities:

1. Where is the productivity of each species predicted to increase, decrease, or remain stable relative to estimated contemporary
productivity for the SGP and LCD pilot area?

2. Within the current distribution of each grassland community, where is the productivity of indicator species predicted to increase,
decrease, or remain stable?

3. Which grassland communities are most vulnerable to changes in composition and vertical structure?

4. How do current patterns of land use contribute to potential vulnerabilities of grassland communities for the climate scenarios
evaluated?

5. How can managers use the vulnerabilities identified to evaluate conservation opportunities in the SGP and LCD?
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Table 1. Area of grassland communities in the Southern Great Plains (SGP) and within the Great Plains Landscape Conservation
Design pilot area, United States.

[km?, square kilometers; mi?, square miles; na, not available because it does not occur in the pilot area]

Southern Great Plains (SGP) Landscape gﬁ:fg:‘é:t'on Design
(e I Percent of Percent of pilot
2 12 2 12

Area km? (mi?) SGP Area km? (mi?) area
Semi-desert grasslands 49,087 (18,953) 5 11,350 (4,382) 7
Shortgrass prairie 259,964 (100,372) 27 96,900 (37,413) 62
Mixed-grass and midgrass prairies 198,505 (76,643) 21 4,852 (1,873) 3
Tallgrass prairie 86,163 (33,268) 9 na na
Sand prairie' 169,195 (65,326) 18 36,829 (14,220) 24
Cool-season bunchgrass and northwest mixed-grass praires? 29,515 (65,326) 3 na na
Foothill grasslands? 7,117 (2,748) 1 24 (9) 0
Saline grasslands? 9,703 (3,746) 1 1,189 (459) 0.8

! Sand prairie was not evaluated because productivity models for indicator species were not available for this community.

2 Other grasslands that were not evaluated because of limited occurrence in the Southern Great Plains.

Methods

Project Area and Ecological Setting

The project area, the Southern Great Plains of the United States, was defined using the extent of the Southern Great Plains REA,
which included the Great Plains LCC (Reese and others, 2017). The SGP project area encompasses 961,105 square kilometers (km?)
(371,085 square miles [mi*]) and includes the full extent of four Level-III ecoregions—High Plains, Central Great Plains, Southwestern
Tablelands, and Nebraska Sand Hills (Omernik, 1987). Nested within the project area, the Landscape Conservation Design pilot area
(LCD) is 147,308-km? (56,8 76-mi?; fig. 14) located within the High Plains ecoregion.

The climate of the SGP is characterized by seasonal patterns and spatial gradients that have a strong effect on the composi-
tion and structure of vegetation (Sims, 1988; Hayden, 1998; Lauenroth and others, 2014). Mean annual temperatures are highest
in the southernmost SGP (>16 °C) with a decreasing gradient moving north and west (fig. 24). A pronounced east-west gradient
in precipitation is a major driver of Great Plains grassland community structure (Knapp and Seastedt, 1998; fig. 34). Precipitation is lowest
in western portions of the SGP (fig. 34), where shortgrass species such as Bouteloua gracilis (blue grama) and B. dactyloides
(formerly in the genus Buchloé; buffalograss) are dominant (Milchunas and others, 1989; Singh and others, 1998; Porensky and
others, 2017). Precipitation is highest along the eastern side of the SGP supporting the western extent of tallgrass prairie (Briggs
and Knapp, 1995; Knapp and Seasedt, 1998), where Andropogon gerardii (big bluestem) and Sorgastrum nutans (Indiangrass) are
prevalent (Freeman, 1998) (figs. 14 and 34). Panicum virgatum (switchgrass) and Schizachryrium scoparium (little bluestem)
are also common in the tallgrass prairie (Freeman, 1998).

In central portions of the SGP, variability in climate, soil, and topographic conditions has produced a mixture of short grasses,
such as blue grama and buffalograss; mid-height grasses such as B. curtipendula (sideoats grama) and Schizachyrium scopoarium
(little bluestem); and taller species, such as big bluestem and Indiangrass (Sims, 1988). The mixture of species and the variable
structure they create are referred to as the mixed-grass and mid-grass prairies (hereafter referred to as mixed-grass prairie). Sandy
soils, especially in the Sandhills of Nebraska, support short, mid-height and tall grasses of the sand prairie, including blue grama,
little bluestem, Hesperostipa comata (needlegrass), Calamovilfla longifolia (prairie sandreed), Pascopyrum smithii (western wheatgrass)
and Andropogon hallii (sand bluestem) (Barnes and Harrison, 1982; Sims, 1988). In the sand prairies of the SGP, Artemisia filifolia
(sand sagebrush) and Quercus havardii (sand shinnery oak) co-occur with short, mid-height, and tallgrasses (Weaver and others, 1956;
Reese and others, 2017), such as blue grama, sideoats grama, little bluestem, sand bluestem, Eragrostis trichodes (sand lovegrass),
and Sporobolus cryptandrus (sand dropseed) (Berg and others, 1997; Harrell, and others, 2001; Gillen and Sims, 2004). The northern
reach of semi-desert grasslands occurs along the southwestern margins of the SGP and LCD (fig. 14). B. eriopoda (black grama) and
Pleuraphis mutica (tobosagrass) are prevalent in semi-desert grasslands, in addition to Hilaria belangeri (curly-mesquite),
Achnatherum hymenoides (Indian ricegrass), Muhlenbergia porteri (bush muhly), and Sporobolus flexuosus (mesa dropseed)
(Sims 1988). Other, less common, grassland types found in the SGP (fig. 14) include foothill and saline grasslands, northwest
mixed-grass and cool season bunchgrass prairies (Reese, and others, 2017).
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Figure 1. A, Grassland communities of the Southern Great Plains of the United States (modified from Reese and others, 2017),
and B, spatial patterns of land use as represented by the terrestrial development index (TDI), as applied to grassland communities
(modified from Reese and others, 2017).
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Climate Scenarios

General Circulation Models (GCM; also known as atmosphere-ocean general circulation models) have been created by
multiple climate research institutions, coordinated by the Intergovernmental Panel on Climate Change (IPCC), based on estab-
lished climate-science principles, testing, and refinement to provide credible estimates of potential future climate conditions
(Randall and others, 2007). Four climate scenarios (warm-dry, warm-wet, hot-dry, and hot-wet) generated from GCMs were
selected based on the projected departure from the average annual contemporary climate (1981-2010) for the SGP (derived from
Maurer and others [2002]; figs. 24 and 34). The four climate scenarios (figs. 2 and 3; table 2) were derived from two greenhouse
gas concentration scenarios (4.5 and 8.5 Representative Concentration Pathways [RCP] and GCM developed in the fifth phase
of the Coupled Model Intercomparison Project [CMIP5], 2013).

To assist identification of four plausible climate scenarios, representatives of the U.S. Geological Survey (USGS) North
Central Climate Adaptation Science Center (formerly North Central Climate Science Center) developed a bivariate distribution
of mean temperature and precipitation conditions projected by different GCM—-RCP combinations averaged across the GPLCC
region. Four quadrants were defined to separate the distribution along each axis (temperature and precipitation) (Gross and
others, 2016). Based on this distribution, and the intended purpose of the project, one GCM—-RCP combination was selected
to represent each climate scenario (table 2). GCM estimates of projected changes in precipitation vary widely, but inclusion of
scenarios with a mean increase or decrease in precipitation allowed us to explore potential vulnerabilities to either possibility as
is common in scenario planning (Gross and others, 2016).

Although longer-term projections from GCMs may include a broader range of precipitation and temperature changes than
evaluated here, this project focused on more moderate, near-term changes (over the next 30 years). This was done to enable
simulation of critical vulnerabilities for grasses that are relatively tolerant of high temperatures, while minimizing uncertainty
associated with increasing divergence among climate projections and emission scenarios in the long term (for example, over the
next 50100 years). GCM scenarios were resampled from the source resolution to 150 km? cells and mean annual temperature
and total annual precipitation for each cell was averaged over a 30-year period — 2016 to 2045 (table 2).

There was temporal and spatial variation in the direction and magnitude of projected climate changes for the four scenarios
(figs. 2 and 3). Overall, the mean annual temperatures for the warm scenarios were projected to increase 1 to 1.6 °C (8.0 to 12.8 percent),
and the hot scenarios to increase 2.1 to 2.2 °C (16.8 to 17.6 percent), compared to the contemporary climate (table 2). Overall,
mean annual precipitation for the dry scenarios was projected to decrease 4.7 to 5.3 cm (8.5 to 9.5 percent) compared to the
contemporary climate, and the hot-wet scenario was projected to increase 3.1 cm (5.6 percent; table 2). The mean annual precip-
itation for the warm-wet scenario was projected to be 2.1 to 2.7 cm (4.2 to 5.3 percent) greater than the dry scenarios, however
this represents a decrease of 2.6 cm (4.7 percent) compared to the contemporary climate; consequently, the warm-wet scenario
was actually drier than contemporary conditions in the near-term (the average warm-wet scenario projections were wetter than
the contemporary climate by 2070). Furthermore, southern portions of the SGP were projected to be drier for the warm-wet
scenario compared to the contemporary climate, whereas the northern portions were projected to be wetter (fig. 3B).

Table 2. Mean temperature and precipitation, and horizontal resolution of the sources, for the contemporary climate and the four
climate scenarios evaluated for the Southern Great Plains of the United States.

[°C, degrees Centigrade; cm, centimeters]

. . Climate condition Mean annual Mean annual Longitude resolution Latitude resolution
Time period Ac Data source o S
or scenario temperature (°C) precipitation (cm) (degrees) (degrees)
Maurer and

1981-2010 Contemporary others (2002) 12.5 55.5 0.125 0.125
2016-2045 Warm-dry GISS-E2-R? 13.5 50.8 2.5 2.0
2016-2045 Warm-wet CESM1-BGC3 14.1 52.9 14 1.4
2016-2045 Hot-dry ACCESS 1-0* 14.7 50.2 1.875 1.25
2016-2045 Hot-wet Miroc-ESM? 14.6 58.6 2.8 2.8

!Carbon dioxide emission scenario RCP4.5 (representative concentration pathway) was used for both warm scenarios. RCP8.5 was used for both hot scenarios.
2GISS-E2-R, National Aeronautics and Space Administration (NASA); Goddard Institute for Space Studies (GISS) (Schmidt and others, 2014)

3CESM1-BGC, The Community Earth System Model; Lawrence Berkeley National Laboratory and National Center for Atmospheric Research (NCAR)
(Neale and others, 2012)

*ACCESS 1-0, The Australian Community Climate and Earth-System Simulator, Australian Government, Bureau of Meteorology, Australia (Collier and Uhe, 2012)

*Miroc—ESM, Center for Climate System Research, University of Tokyo, National Institute for Environmental Studies and Frontier Research Center for
Global Change, Japan (Watanabe and others, 2011)
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Figure 2. Mean temperature for the contemporary climate and the changes projected for four climate scenarios compared to
contemporary temperatures for the Southern Great Plains of the United States. A, Average contemporary annual temperature (1981-2010);
projected changes in temperature for 2016-2045 relative to contemporary annual temperatures (A) for: B, warm-wet; C, hot-wet; D, warm-dry;
and E, hot-dry. See table 1 for the general circulation model used for each climate scenario.
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Figure 3. Mean precipitation for the contemporary climate and the changes projected for four climate scenarios compared to
contemporary precipitation for the Southern Great Plains of the United States. A, Average contemporary annual precipitation (1981-2010);
projected changes in precipitation for 2016-2045 relative to contemporary annual precipitation (A) for: B, warm-wet; C, hot-wet; D, warm-dry,
and E, hot-dry. See table 1 for the general circulation model used for each climate scenario.
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Grassland Species Productivity Modeling

Indicator Species

Two indicator species for each of the four focal grassland communities—semi-desert grasslands, and shortgrass, mixed-
grass, and tallgrass prairies—were selected from the species modeled by Epstein and others (1998; table 3). Although most of
these species are not restricted to a single community type, they can be useful, in combination, for representing the potential
for change in composition affecting key structural features (such as, average grass height) of the focal grassland communities.
For this reason, we evaluated each species with respect to the associated grassland community as well as for the entire extent
of the SGP.

The models (Epstein and others, 1998) indicated that the species vary from a weak negative to a strong positive
correspondence between relative productivity and precipitation (table 3). The models also indicated that productivity for all
species was positively associated with temperature. In addition, blue grama and big bluestem productivity had nonlinear
relations with temperature, as did sideoats grama with precipitation, as indicated by quadratic terms in the models (table 3).

Productivity Models

To map the bioclimatic conditions suitable for each indicator species, climate and soil texture predictor variables were
applied to the models developed by Epstein and others (1998) (table 3) for each cell in the SGP. Relative primary productivity
standardizes the data on a scale between 0 and 100, based on the amount of biomass for each species relative to the site total
derived from field samples (Epstein and others, 1998). Relative primary productivity is a quantitative index of above ground
biomass produced by the species at any given location; larger values indicate greater above ground biomass. For each indicator
species, relative primary productivity was estimated for the contemporary climate (hereafter referred to as contemporary pro-
ductivity) and was predicted for each climate scenario (hereafter referred to predicted productivity) (table 2; figs. 2 and 3) using
generalized linear models (GLM) of the relationship between productivity and the predictor variables (table 3). Soil conditions
were quantified using raster data (10x10-meter [m] grid) for each soil component (Earth System Science Center, 2016). Soil
texture, expressed as the percent of each particle class (for example, sand, silt and clay) by weight in a representative sample of
the soil type (Schoeneberger, and others, 2002), was constant in all models, because soils typically change slowly and predicted
changes in soil texture were not available.

Table 3. Predictor variables and associated parameters for grassland indicator species used to model relative productivity for
the Southern Great Plains of the United States. Models from Epstein and others (1998). Species height data from Natural Resources
Conservation Service (2017).

[in., inch; Temp, mean annual temperature; Precip, mean annual precipitation; (Temp)?, heading superscript “2” indicates nonlinear response to temperature;
(Precip)?, heading superscript “2” indicates nonlinear response to precipitation; —, does not appear in this model.]

Predictor variables and model coefficients

GraSSIa'_'d Indicator species Hglght Climate Soil texture!
community (in.) . . .
Temp (Temp)*  Precip  (Precip)* | Sand Silt

Semi-desert ~ Black grama Bouteloua eriopoda 10-20 0.37 — —0.06 — — —
grasslands  poposa0rass Pleuraphis mutica 18-36 0.08 — — — — —
Shortgrass Blue grama Bouteloua gracilis 10-20 4.15 —0.15 -0.3 — — —
IDTENDIE Buffalograss Bouteloua dactyloides <10-12 0.72 — —0.12 — —0.04 —
Mixed-grass Sideoats grama  Bouteloua curtipendula 15-30+ 1.13 — 0.41 -0.004 —-0.07 —
praire Little bluestem  Schizachyrium scoparium 10-36 — — 0.26 — — —
Tallgrass Indiangrass Sorghastrum nutans 36-84 — — 0.17 — 0.02 —
prairie Big bluestem  Andropogon gerardii 72-96 3.08 -0.16 0.41 — — 0.14

"None of the models for the indicator species included clay as a predictor variable.
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The differences between predicted and contemporary productivity (see appendix 1) were used to evaluate the
predicted changes in productivity for each indicator species (figs. 4—11). We quantified the magnitude of changes in mean
productivity and classified those results using breakpoints between classes corresponding to intervals of one standard
deviation in the distribution of predicted change. This classification was used to facilitate interpretation of potential
changes in productivity across the SGP and to reduce interpretation errors as a result of uncertainty inherent in model
results. To evaluate potential for changes in each focal grassland community, we examined spatial concurrence of
predicted changes in productivity among indicator species within the current distribution of the corresponding grassland
community (figs. 12-16).

Quantifying Current Land Use

To evaluate the cumulative effects of development (croplands, roads, energy, minerals, and urban areas) on the
capacity of grassland communities to adapt to divergent potential climates, we used the terrestrial development index
(TDI) from the Southern Great Plains Rapid Ecoregional Assessment (Reese and others, 2017). The TDI summarizes the
surface disturbance footprint from development within a 2.5-km radius (Reese and others, 2017). Scores range from
0 to 100 percent, and low scores (for example, TDI <5 percent) indicate relatively undeveloped areas on the landscape
(fig. 1B). The TDI scores for each grassland community, all SGP grasslands combined, and the LCD project area were
used as an indicator of development levels (fig. 17).

Results

The model results presented here depict the potential productivity of the species using the modeled relations
between contemporary climate, or climate scenarios, and soil conditions across the entire region. The model results for
the contemporary distribution were classified to correspond, approximately, to field observations, but the results of the
scenario models were not spatially restricted to current distributions. Thus, the models may depict production potential
in areas where the species does not occur, or may not occur in the future, due to land use or dispersal limitations, for
example. Providing results across the entire region allows readers to recognize how changes in climate may affect potential
suitability for the species across the region without assumptions about where, or how far, a species might disperse.

Although most of the indicator species selected are not restricted to a single grassland community, the greatest
contemporary productivity for each species generally corresponded to only one or two community types (figs. 4—11).
However, the two indicator species for the mixed-grass prairies are common outside of these communities; sideoats
grama is common in shortgrass prairie and little bluestem is common in tallgrass prairie, and the two shortgrass
species—blue grama and buffalograss—occur in many communities beyond the shortgrass prairie.
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Semi-Desert Grassland Species

Tobosagrass

Contemporary productivity for tobosagrass was greatest in the southernmost SGP (fig. 44) generally corresponding to
its current distribution, which is largely restricted to semi-desert grasslands (fig. 14). Contemporary productivity was greatest
within the southernmost extent of the LCD and was generally low throughout much of the LCD. The climate conditions
conducive for tobosagrass were predicted to increase throughout the LCD and across the entire SGP for all four climate scenarios,
indicating limited sensitivity and potential for adaptive capacity to be high for this species based on these scenarios (fig. 4B—E).

Black Grama

Contemporary productivity of black grama was greatest in the southwestern extent of the SGP and the LCD corresponding to
its current distribution in semi-desert grasslands (fig. 54). The climate conditions suitable for black grama were predicted to increase
throughout the LCD and SGP for all four climate scenarios (fig. 5B—F). The regions exhibiting the greatest predicted increase in black
grama productivity (fig. 5) corresponded to the greatest projected decreases in precipitation (fig. 38—E). The hot-wet scenario showed
the lowest predicted increase in productivity compared to the other scenarios. Based on these patterns, sensitivity to the climate scenarios
evaluated is expected to be relatively low and potential adaptive capacity to be high for black grama.

An example of semi-desert grasslands near Steeple Rock, New Mexico. Photograph by Patrick Alexander, Flickr, Jan. 7, 2013.
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A, Pleuraphis mutica (tobosagrass). Photograph by Patrick J. Alexander. Hosted by the U.S. Department of Agriculture, Natural Resources Conservation Service
(NRCS), PLANTS database. B, Bouteloua eriopoda (black grama). Photograph by Patrick J. Alexander. Hosted by the U.S. Department of Agriculture, Natural

Resources Conservation Service (NRCS), PLANTS database. Productivity suitable for indicator species for semi-desert grasslands was predicted to expand for all
climate scenarios evaluated.
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Figure 4. Difference in the predicted relative productivity of Pleuraphis mutica (tobosagrass) an indicator species for semi-desert
grasslands, as modeled using four climate scenarios in the Southern Great Plains of the United States. A, Contemporary relative
productivity of tobosagrass. Predicted change in relative productivity of tobosagrass for each climate scenario in comparison to
contemporary relative productivity for: B, warm-wet C, hot-wet D, warm-dry and E, hot-dry conditions.
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Figure 5. Difference in the predicted relative productivity of Bouteloua eriopoda (black grama), an indicator species for semi-desert
grasslands, as modeled using four climate scenarios in the Southern Great Plains of the United States. A, Contemporary relative
productivity of black grama. Predicted change in relative productivity of black grama for each climate scenario in comparison to
contemporary relative productivity for: B, warm-wet; C, hot-wet; D, warm-dry; and E, hot-dry conditions.
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Shortgrass Prairie

Blue Grama

Contemporary productivity for blue grama was greatest along the eastern SGP and across the entire LCD (fig. 64),
corresponding to the current distribution of shortgrass prairie (fig. 14). The productivity of blue grama was predicted to remain
relatively stable or increase within the current distribution of shortgrass prairie for all climate scenarios except the hot-wet
scenario (fig. 6C). For both dry scenarios (fig. 6D and E), productivity was predicted to increase across the SGP, whereas pro-
ductivity for both wet scenarios was predicted to remain stable throughout most of the SGP except in the southeastern portions
of the SGP where it was projected to decline (fig. 68 and C). The predicted decline in productivity for the hot-wet scenario falls
within the southeast extent of the shortgrass prairie for the SGP and the LCD. Otherwise, the predicted declines in productivity
are outside of the current extent of the shortgrass prairie. Sensitivity to the climate scenarios is expected to be relatively low and
adaptive capacity relatively high for blue grama, based on these scenarios.

Buffalograss

Contemporary productivity for buffalograss was greatest in the southern half of the SGP and throughout the LCD,
corresponding to the current distribution of shortgrass prairie as well as semi-desert grasslands and southern portions of the
mixed-grass prairie (figs. 14 and 74). The productivity of buffalograss was predicted to be stable or increase for all four climate
scenarios (fig. 7B—F). Therefore, sensitivity to the four climate scenarios was interpreted to be low and potential for high adaptive
capacity for buffalograss across the region.

Wind turbines in shortgrass prairie, Pawnee Buttes, Colorado. Photograph by Natasha Carr, U.S. Geological Survey.
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A, Bouteloua gracilis (blue grama). Photograph by Larry Allain, U.S. Geological Survey National Wetlands Research Center. Hosted by the U.S. Department of
Agriculture, Natural Resources Conservation Service (NRCS), PLANTS database. B,Bouteloua dactyloides (buffalograss) in Red Butte Garden, Salt Lake City,
Utah. Photograph by Andrey Zharkikh, Flickr, July 13, 2011. Productivity suitable for one or both indicator species for shortgrass prairie was predicted to expand

for all climate scenarios evaluated.
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Figure 6. Difference in the predicted relative productivity of Bouteloua gracilis (blue grama), an indicator species for shortgrass
prairie, as modeled using four climate scenarios in the Southern Great Plains of the United States. A, Contemporary relative productivity
of blue grama. Predicted change in relative productivity of blue grama for each climate scenario in comparison to contemporary relative
productivity for: B, warm-wet; C, hot-wet; 0, warm-dry; and E, hot-dry conditions.
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Figure 7. Difference in the predicted relative productivity of Bouteloua dactyloides (buffalograss), an indicator species for shortgrass
prairie, as modeled using four climate scenarios in the Southern Great Plains of the United States. A, Contemporary relative productivity
of buffalograss. Predicted change in relative productivity of buffalograss for each climate scenario in comparison to contemporary
relative productivity for: B, warm-wet; C, hot-wet; D, warm-dry; and £, hot-dry conditions.
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Mixed-Grass Prairie

Sideoats Grama

Contemporary productivity for sideoats grama was greatest in the southern half of the mixed-grass prairie and across much
of the distribution of semi-desert grasslands in the SGP (fig. 84). The productivity of sideoats grama was predicted to remain
stable throughout the LCD and most of the SGP for all four climate scenarios (fig. 8B—E). Productivity was predicted to increase
in areas outside of the current range of mixed-grass prairie, primarily in areas that were historically tallgrass prairie (fig. 8).
These results indicate relatively low sensitivity and adaptive capacity to be moderate for sideoats grama based on the climate
scenarios evaluated.

Little Bluestem

Contemporary productivity for little bluestem was greatest throughout the eastern half of the SGP where little bluestem is
most prevalent and was lower in the LCD (fig. 94). The productivity of little bluestem was predicted to remain stable throughout
the northern extent of the current distribution of mixed-grass prairie for all but the warm-dry scenario, in which productivity was
predicted to decrease across most of the SGP (fig. 9B—F). In contrast, productivity was predicted to decrease across much
of the southern extent of mixed-grass prairie in all scenarios, except the hot-wet scenario, in which it was predicted to be stable
or increase (fig. 9). Because precipitation is the only predictor variable in the little bluestem model, predicted productivity
corresponded to the spatial patterning of projected changes in precipitation (fig. 3). Collectively, the models predicted the greatest
productivity levels for this species across the eastern side of the SGP where mixed- and tallgrass prairie are most prevalent
(figs. 1-6). Depending on precipitation changes, these results indicate moderate sensitivity and relatively limited adaptability
of little bluestem to the climate scenarios evaluated, primarily in the southern portions of mixed-grass prairie.

An Antilocapra americana (pronghorn) in Kiowa National Grasslands, New Mexico. The grasslands are an example of a mixed-grass prairie. Photograph by Larry
Lamsa, May 29, 2010.
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A, Bouteloua curtipendula (sideoats grama). The inflorescence of sideoats gramma comprises many short lateral branches that bear several spikelets on one
side (in a secund arraignment). Photograph by Matt Lavin, Flickr, July 29, 2009. Accessed June 11, 2019. B, Schizachyrium scoparium (little bluestem), southern
wetland flora. Photograph by L. Glasscock, 1991. Hosted by the U.S. Department of Agriculture, Natural Resources Conservation Service (NRCS), PLANTS
database. Productivity suitable for one or both indicator species for mixed-grass prairie was predicted to be stable or increase for wet climate scenarios and
stable or decrease for dry climate scenarios evaluated.
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Figure 8. Difference in the predicted relative productivity of Bouteloua curtipendula (sideoats grama), an indicator species for mixed-
grass prairie, as modeled using four climate scenarios in the Southern Great Plains of the United States. A, Contemporary relative
productivity of sideoats grama. Predicted change in relative productivity of sideoats grama for each climate scenario in comparison to
contemporary relative productivity for: B, warm-wet; C, hot-wet; D, warm-dry; and E, hot-dry conditions.
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Figure 9. Difference in the predicted relative productivity of Schizachyrium scoparium, little bluestem, an indicator species for mixed-
grass prairie, as modeled using four climate scenarios in the Southern Great Plains of the United States. A, Contemporary relative
productivity of little bluestem. Predicted change in relative productivity of little bluestem for each climate scenario in comparison to
contemporary relative productivity for: B, warm-wet; C, hot-wet; D, warm-dry; and E, hot-dry conditions.
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Tallgrass Prairie

Indiangrass

Contemporary productivity for Indiangrass was greatest along the eastern margins of the SGP, corresponding to the western
extent of the tallgrass prairie, and was very low across the LCD (fig. 104). Productivity was predicted to decrease across the
entire distribution of tallgrass prairie in the SGP for both of the dry scenarios (fig. 10D and E) and the warm-wet scenario (fig. 10B).
Only the hot-wet scenario (fig. 10C) exhibited potential for mostly stable or increasing productivity. Because temperature is not
included as a predictor variable in the Indiangrass model, predicted productivity corresponded primarily to the spatial patterning
of projected changes in precipitation (fig. 3). Results for Indiangrass indicated high sensitivity and low adaptive capacity to all
but the hot-wet climate scenario.

Big Bluestem

Contemporary productivity for big bluestem was greatest along the eastern edge of the SGP within the western extent of the
tallgrass prairie and was very low in the LCD (fig. 1144H). Productivity was predicted to decrease or remain stable across much
of the tallgrass prairie for all scenarios (fig. 11). Productivity was predicted to decline across the entire current distribution of
tallgrass prairie for both of the dry scenarios (fig. 12D and E). Declines were less extreme for the wet scenarios, indicating that
increasing precipitation could ameliorate the vulnerability of big bluestem to rising temperatures (fig. 118 and C). Results for
big bluestem indicated relatively high sensitivity and low adaptive capacity to all four climate scenarios evaluated.

Foggy morning in the Flint Hills, Konza Prairie Biological Station, a native tallgrass prairie near Manhattan, Kansas. Photograph by Vincent Parsons, Flickr, Aug. 10, 2013.
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A, Sorghastrum nutans (Indiangrass) in Pigeon Creek Park, lowa. Photograph by Jennifer Anderson, 2002. Hosted by the U.S. Department of Agriculture, Natural
Resources Conservation Service (NRCS), PLANTS database, March 11, 2019. B, Andropogon gerardii (big bluestem) in Pigeon Creek Park, lowa. Photograph by
Jennifer Anderson, 2002. Hosted by the U.S. Department of Agriculture, Natural Resources Conservation Service (NRCS), PLANTS database. Productivity suitable
for both indicator species for tallgrass prairie was predicted to decrease for all climate scenarios evaluated.
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Figure 10. Difference in the predicted relative productivity of Sorghastrum nutans (Indiangrass), an indicator species for tallgrass
prairie, as modeled using four climate scenarios in the Southern Great Plains of the United States. A, Contemporary relative productivity
of Indiangrass. Predicted change in relative productivity of Indiangrass for each climate scenario in comparison to contemporary
relative productivity for: B, warm-wet; C, hot-wet; D, warm-dry; and E, hot-dry conditions.
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Figure 11. Difference in the predicted relative productivity of Andropogon gerardii (big bluestem), an indicator species for tallgrass
prairie, as modeled using four climate scenarios in the Southern Great Plains of the United States. A, Contemporary relative productivity
of big bluestem. Predicted change in relative productivity of big bluestem for each climate scenario in comparison to contemporary
relative productivity for: B, warm-wet; C, hot-wet; D, warm-dry; and E, hot-dry conditions.
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Community-Level Vulnerability to Climate Scenarios

To evaluate the potential for community-level changes, the spatial concurrence of predicted changes in productivity
for both indicator species were evaluated relative to the current distribution of the associated grassland community. Only
the hot scenarios were presented as maps (figs. 12—15), because they represent the largest projected changes in temperature
and precipitation evaluated (table 2) and therefore provide an indication of areas with the greatest potential vulnerability.
Community-level summaries for each climate scenario are summarized in figure 16. Both semi-desert grassland species
were predicted to increase in productivity across the current range of this community for all climate scenarios (figs. 12
and 164). One or both shortgrass prairie species were predicted to increase in productivity across the current range of this
community for all scenarios (fig 16B), but the predicted changes for these indicator species were less consistent for the
hot-wet scenario especially in southern portions of the current distribution of shortgrass prairie (fig. 13). Both mixed-grass
species were predicted to have stable or decreasing productivity for dry scenarios (figs. 144 and 16C), whereas productivity
was predicted to be more stable and increasing in some places for wet scenarios (figs. 14B and 16C). Productivity for both
tallgrass species was predicted to exhibit widespread decreases for all scenarios, although the spatial patterns were more
mixed for the hot-wet scenario (figs. 15 and 16D). These results reflect the gradient in potential sensitivities and adaptive
capacity of these species to increasing temperature and decreasing precipitation among the communities; semi-desert
grasslands were predicted to be the least vulnerable and tallgrass prairie the most vulnerable to the climate scenarios
evaluated (fig. 16).

Relative and Synergistic Effects of Land Use and Climate Change

Land use in the SGP has the potential to reduce the capacity of grassland communities to adapt to changing climates.
Conversion and fragmentation of grasslands by development vary spatially and by community type (figs. 1B and 17).
Overall, the lowest levels of development (terrestrial development index [TDI] scores <5) represents 33 percent of the
SGP (fig. 17), but 19 percent of the LCD. Grasslands with the least development are largely restricted to the western
and northern portions of the SGP. TDI scores <5 represents 75 percent of semi-desert grasslands and 56 percent of
shortgrass prairie, whereas it represents 24 percent of mixed-grass prairie and 12 percent of tallgrass prairie. Comparison
of these development patterns with the results from the climate scenarios indicates that the species projected to have
stable or increased productivity (tobosagrass, black grama, blue grama and buffalograss) are dominant in the communities
with the lowest fragmentation from current development, indicating relatively low vulnerability to the climate scenarios
evaluated. In contrast, conversion and fragmentation are greatest in the grassland communities occupied by the taller
grass species (sideoats grama, little bluestem, Indiangrass and big bluestem), which were also predicted to be most
vulnerable to projected climate change, indicating the greater vulnerability of these communities.

Discussion

Scenario planning is a useful tool for identifying key vulnerabilities of ecological systems to changing climates,
informed by the potential outcomes of a set of divergent, plausible, and relevant climate scenarios (National Park
Service, 2013; Symstad and others, 2017a, b). One goal of scenario planning is to recognize potential risks and identify
opportunities for management despite uncertainty about future conditions or the limitations imposed by constraints,
such as changing land-use patterns or feasible management options. The climate scenarios and associated modeled
responses do not predict the likelihood of any particular ecological future, but rather represent a set of possible out-
comes from an indeterminate set of plausible futures. By evaluating critical, but highly uncertain, drivers of grassland
composition and dynamics, scenario planning can be useful for evaluating the robustness of planning and management
actions for a diverse set of possible futures in the Southern Great Plains.

The results presented here suggest that current land use patterns, in conjunction with a range of plausible climate
projections, create greater vulnerability of mixed-grass and tallgrass prairies of the SGP compared to semi-desert
grasslands and shortgrass prairie. For most climate scenarios evaluated, bioclimatic conditions conducive to the taller
species (little bluestem, Indiangrass, and big bluestem) were predicted to contract within some or all of the current
distribution of mixed-grass and tallgrass prairies within the SGP. An increase in precipitation, however, could potentially
offset the negative effects of increasing temperatures as evidenced by higher productivity for the hot-wet scenario
compared to the other scenarios. Importantly, the models (Epstein and others, 1998) did not include evapotranspiration
as a model predictor, and the interactive effects of temperature and atmospheric conditions with soil moisture budgets
could affect availability of water for plants (Chapin and others, 2002). Thus, increased temperatures and other
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Figure 12. Predicted changes in productivity for Pleuraphis mutica (tobosagrass) and Bouteloua eriopoda (black grama) within the
current distribution of semi-desert grasslands in the Southern Great Plains of the United States for A, hot-dry; and B, hot-wet climate
scenarios. Areas without color (white) are outside the current distribution of semi-desert grasslands.
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Figure 13. Predicted changes in productivity for Bouteloua gracilis (blue grama) and Bouteloua dactyloides (buffalograss) within
the current distribution of shortgrass prairie in the Southern Great Plains of the United States for A, hot-dry; and B, hot-wet climate
scenarios. Areas without color (white) are outside the current distribution of shortgrass prairies.
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Figure 14. Predicted changes in productivity for Bouteloua curtipendula (sideoats grama) and Schizachyrium scoparium (little
bluestem) within the current distribution of mixed-grass prairie in the Southern Great Plains of the United States for A, hot-dry; and
B, hot-wet climate scenarios. Areas without color (white) are outside the current distribution of mixed-grass prairie.
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Figure 15. Predicted changes in productivity for Sorghastrum nutans (Indiangrass) and Andropogon gerardii (big bluestem) within the
current distribution of tallgrass prairie in the Southern Great Plains of the United States for A, hot-dry; and B, hot-wet climate scenarios.
Areas without color (white) are outside the current distribution of tallgrass prairie.
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Figure 16. Predicted changes in productivity of two indicator species for each grassland community within the current distribution of
the community for each climate scenario in the Southern Great Plains of the United States for A, semi-desert grasslands; B, shortgrass
prairie; C, mixed-grass prairie; and D, tallgrass prairie.
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Figure 17. Cumulative effects of development in grassland communities of the Southern Great Plains and the Landscape Conservation
Design pilot area. The terrestrial development index (TDI) represents the surface disturbance footprint from development (croplands, roads,
energy and minerals, and urban areas) within a 2.5-kilometer (km) radius moving window (Reese and others, 2017). All grasslands includes
all grassland communities within the Southern Great Plains (fig. 1A). See figure 1B for the map of TDI for the Southern Great Plains.

atmospheric conditions (such as relative humidity and carbon dioxide [CO,] concentration) may offset the effect of precipitation
in a manner not accounted for in our models. Compounding the potential effects of greater vulnerability to increasing tempera-
tures coupled with decreasing precipitation, the mixed-grass and tallgrass prairies have been greatly fragmented and converted,
primarily by agriculture. These results suggest that the synergistic effects of land use and changing climatic conditions would
have the greatest effects on the composition and structure of mixed-grass and tallgrass prairies in the SGP.

In contrast, our results suggest that the climate scenarios evaluated most frequently indicate stable or increasing productivity
(low vulnerability) of the indicator species in semi-desert grasslands and shortgrass prairie, as well as sideoats grama in mixed-
grass prairie. The only exception was blue grama, for which a decrease in relative productivity was predicted in the southeastern
SGP for the wetter scenarios, outside of most areas where it is currently co-dominant. In addition, conversion and fragmentation
of semi-desert grasslands and shortgrass prairie was relatively low. The results suggest that many shorter grass species have the
potential to maintain their prevalence or possibly expand in response to the climate scenarios evaluated.

The climate of the SGP has been highly variable over time leading to variation in water availability, and because grass species
vary in their response to climate cycles, these dynamics contribute to variation in species composition and structural dynamics
(Salley and others, 2016). The shorter sod-forming grass species are well-adapted to high temperatures and periodic drought
conditions due to physiology that enhances precipitation use efficiency (Sims 1988; Vermeire and others, 2009) and below-ground,
versus above-ground, biomass production (Lane and others, 2000). One potential outcome of such variation in drought tolerance
is a shift in the diversity of grass heights in mixed-grass prairie towards the shorter grasses if precipitation decreases and (or)
drought frequency and duration increases.
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Uncertainty in Future Distribution, Structure, and Composition of Grassland Communities

Analysis based on scenarios is useful for evaluating the potential effects of possible future climate conditions on the biocli-
matic conditions suitable for the indicator grass species, but whether these changes will lead to shifts in abundance, dominance,
and distributions of grass species and associated communities cannot be accurately predicted given ecological complexity and
uncertainty surrounding future conditions. The diversity of species, and heterogeneity in species composition across the land-
scape, make interpreting potential changes in the grassland communities challenging when using a few representative species.
In addition, the current distributions of shortgrass and mixed-grass prairies are widespread within the SGP, whereas the distri-
butions of semi-desert grasslands and tallgrass prairie are more extensive outside of the SGP (Sims, 1988; Knapp and Seasted,
1998). Consequently, the area of analysis does not fully capture the potential changes in distribution of bioclimatic conditions
conducive to indicator species of semi-desert grasslands and tallgrass prairie. Furthermore, there are several aspects of uncer-
tainty and complexity in climate modeling and bioclimatic distribution models that lead to uncertainty in climate projections
and the potential responses of biotic communities to a changing climate (for example, see Sofaer and others, 2017). Because
of these limitations, it is not valid to use the predictions in productivity provided here to predict precise locations of ecological
communities in the future. Rather, the potential for shifts, expansion, or contraction of indicator species based on climate condi-
tions can provide an index of potential changes to the grassland communities that can inform management options. Below, we
discuss some of the major sources of uncertainty that are important to consider when applying the results of scenario analysis to
management decisions.

Although considerable progress has been made in GCMs for modeling precipitation, uncertainty remains in projections of
the amount and regional distribution of precipitation, in particular the frequency and magnitude of drought (Randall and others,
2007) and this uncertainty can influence the model results presented here (Wiens and others, 2009). This underscores the chal-
lenges in predicting the productivity and distribution of grass species, which vary considerably in their capacity to withstand and
recover from drought (Ban and others, 2014; Liu and others, 2017). Our results demonstrated the capacity of precipitation to
either exacerbate or ameliorate the potential effects of increasing temperatures on the direction and magnitude of change in the
predicted productivity for several grass species in the SGP.

The bioclimatic models based on climate and soils do not address the potential consequences of increasing CO, and biotic
interactions for the productivity, abundance and distribution of grass species. The concentration of atmospheric CO, is associ-
ated with water-use and nutrient-use efficiency of grasses and increased concentration of CO, in the atmosphere can affect the
productivity and competitive abilities of grass species (Wullschleger and others, 2001; Dijkstra and others, 2010; Zelikova and
others, 2014). Likewise, the effects of climate on shrub species that are currently of management concern in the SGP can alter
the structure and function of grassland communities. For example, the response of sagebrush and sand shinnery oak to chang-
ing climates can affect the composition and structure of sand prairie communities, which provide crucial habitat for the Tym-
panuchus pallidicinctus (lesser prairie chicken). Similarly, the ongoing expansion of Prosopis glandulosa (honey mesquite)
into semi-desert grasslands and mixed-grass prairies and the expansion of Juniperus virginiana (eastern redcedar) into tall and
mixed-grass communities could compound the vulnerability of prairie grasslands particularly if conditions suitable for these
species expand. Both species can negatively affect grass production (Wilson and others, 2001; Fredrickson and others, 2006;
Ansley and others, 2013), and honey mesquite is resistant and resilient to drought because of its laterally extensive and deep root
structure (Wilson and others, 2001). In addition, herbivory can play a major role in determining how changing bioclimatic con-
ditions influence the structure and composition of grassland communities (for example see, Bush and Van Auken, 2010). Biotic
interactions can also be affected by future land uses including land management practices such as grazing and fire (Milchunas
and others, 1989; LeCain and others, 2012).

Despite the uncertainty associated with climate and bioclimatic modeling, the vulnerability gradients for each community
were generally consistent across the climate scenarios evaluated (fig. 16), with the exception of the hot-wet scenario. For the
shorter grass species, the magnitude and prevalence of the predicted changes in productivity varied along a continuum, with the
greatest potential changes predicted for both indicator species of the semi-desert grasslands and stable or limited increases in
productivity for sideoats grama. Likewise, the potential contraction of suitable bioclimate conditions for taller grass species was
less for little bluestem and greater for big bluestem and Indiangrass. The hot-wet scenario was an exception to this pattern—it
suggested greater stability for the taller grasses than other scenarios. The projected effects of different climate scenarios were
generally consistent within the four different communities, with only a few exceptions, suggesting that the overall predicted
outcomes may not be particularly sensitive to the particular scenario selected (fig. 16). This suggests that management actions
designed to offset these vulnerabilities would be robust to the selection of climate scenarios.
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Management Implications

Given the limited distribution and potential for changes in species’ productivity in mixed-grass and tallgrass prairies of the
SGP based on current patterns of land use, and the small amount of public and protected lands in these communities, there are
limited management opportunities to promote resistance and resilience to changing climates. Understanding of the distribution
of habitat availability and ecological conditions across the landscape could be used to guide management of public and private
lands. The Conservation Reserve Program (CRP; NRCS, 2018) may provide a viable strategy for providing incentives to private
land owners to plant native species in agricultural lands. If a set of criteria was developed to prioritize lands based on ecologi-
cal potential and the landscape context of public and private lands in this region, enhancement of the size and connectivity of
mixed-grass and tallgrass prairie may be accomplished. An incentive program could then use recommendations of species com-
position and location based on landscape assessment to guide habitat restoration. Based on potential for changes in the suitable
climatic conditions, recommendations of species composition and restoration goals that reflect climate trends may be warranted.
In addition, recommended native seed mixtures could be developed and tied to incentives to encourage the use of such seed
mixes on public and private lands.

Potential Implications for Landscape Conservation Design

The Great Plains LCD area is primarily short-grass prairie intermixed with extensive sand prairie (including sand sagebrush
and shinnery oak), and semi-desert grasslands (fig 14 and table 1). The spatial extent of the LCD facilitates a specific landscape
application of the results of the scenario analysis. The predicted increase in productivity of blue grama and buffalograss (short-
grass prairie) for most of the scenarios evaluated indicate the potential for resilience and resistance of the shortgrass prairie
within the LCD area. In contrast, decreased production of big bluestem and Indiangrass, and sustained or increased production
from short- and mid-height grasses could cause a shift in composition and structure in the sand prairie communities. Production
of sideoats grama, however, was not predicted to change for any scenarios within the LCD area, and this result, coupled with
local importance, suggests that production of sideoats grama could offset changes in other species. Furthermore, the potential for
increased productivity of black grama and tobosagrass could result in expansion of the semi-desert grasslands. The LCD area
is along the eastern extent of the shortgrass prairie where development levels in this community are relatively high (fig. 1B). In
conjunction with information on land use (figs. 1B and 17), results from the climate scenarios suggest potential opportunities for
conservation and habitat management within the LCD area in the future.

Conclusions

The modeled scenarios presented here provide insights into the possible implications of four divergent but plausible future
climate scenarios for changes in relative productivity of species across the region. The results of the scenario analysis indicate
relatively low vulnerability for semi-desert grasslands and shortgrass prairie compared to mixed-grass and tallgrass prairie.
Vulnerability of tallgrass prairie is relatively high because of the potential sensitivity of indicator species to the climate scenarios
evaluated, as well as reduced adaptive capacity resulting from conversion by agriculture. Private-lands conservation programs,
such as the Conservation Reserve Program, may play an important role in the management and conservation of mixed-grass
and tallgrass prairies by addressing potential changes in productivity of some species, and addressing the landscape distribution
of plant communities. The results of our analysis could be helpful for prioritizing locations and species composition for habitat
management on private lands, for example through the CRP, and public lands that could enhance the connectivity of prairie
grasslands, and supplement current conservation areas.
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Appendix 1. Classified Relative Production Estimates

To facilitate comparisons among models, relative production estimates were classified into bins. Thresholds for display-
ing species productivity were established by comparing modeled outputs for the contemporary climate (1981-2010) with field
observations from ecological mapping (Texas Parks and Wildlife, 2016; Oklahoma Department of Wildlife Conservation, 2016),
field measurements of production Natural Resource Conservation Service [NCRS], 2016), current distribution maps (NRCS,
2017) and the estimated historical distribution of grassland communities (Reese and others, 2016). To establish thresholds in
distributions of productivity that correspond to the current distribution of indicator species, we compared model results to inde-
pendent observations and defined class breakpoints such that classes of the modeled productivity estimates closely corresponded
to species occurrences. Thus, areas with greatest potential relative productivity of each species are mapped as green and are
assumed to represent greater potential for occurrence (figs. Al.1 to A1.8). Areas with very low potential productivity are mapped
as grey and are assumed to represent lower likelihood of occurrence (figs. Al.1 to A1.8). We determined these classes using
the models of contemporary productivity and retained the class boundaries for scenario projections to maintain consistency and
facilitate comparisons. However, grasslands without the species may occur within predicted suitable areas, and areas outside
the predicted suitability may include the species. The limitations in these delineations occur because models reflect the poten-
tial productivity based on soil maps and modeled climate conditions, thus model results should not be used to infer presence or
abundance of the modeled species in all areas with potential (shades of green in figs. Al.1 to A1.8). Comparisons among model
results are useful for considering the implications of climate scenarios.
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Figure A1.1. Current and predicted relative productivity of Pleuraphis mutica (tobosagrass) using four climate scenarios in the
Southern Great Plains of the United States. A, Relative productivity (RP), estimated for contemporary (1981-2010) climatic conditions and
predicted relative productivity (scenario forecasts) for: B, warm-wet; C, hot-wet; D, warm-dry; E, hot-dry. RP=0.08(Temp)-0.58, (table 3),
where Temp is mean annual temperature in degrees Celsius, calculated from 30-year records (contemporary) or simulated conditions
(general circulation models [GCM] results).
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Figure A1.2. Current and predicted relative productivity of Bouteloua eriopoda (black grama) using four climate scenarios in the Southern
Great Plains of the United States. A, Relative productivity (RP) estimated for contemporary (1981-2010) climatic conditions and predicted
relative productivity (scenario forecasts) for: B, warm-wet; C, hot-wet; D, warm-dry; E, hot-dry. RP=0.37(Temp)-0.06(Precip)+0.24, (table 3),
where Temp is mean annual temperature in degrees Celsius, and Precip is mean annual precipitation in centimeters, calculated from
30-year records (contemporary) or simulated conditions (general circulation models [GCM] results).
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Figure A1.3. Contemporary and predicted relative productivity of Bouteloua gracilis (blue grama) using four climate scenarios in the
Southern Great Plains of the United States. A, Relative productivity (RP) estimated for contemporary (1981-2010) climatic conditions
and predicted relative productivity (scenario forecasts) for: B, warm-wet; C, hot-wet; D, warm-dry; E, hot-dry. RP=4.15(Temp)-0.3
Precip)-0.15(Temp)?+0.08, (table 3), where Temp is mean annual temperature in degrees Celsius, and Precip is mean annual precipitation in
centimeters, calculated from 30-year records (contemporary) or simulated conditions (general circulation models [GCM] results).
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Figure A1.4. Contemporary and predicted relative productivity of Bouteloua dactyloides (buffalograss) using four climate scenarios in
the Southern Great Plains of the United States. A, Relative productivity (RP) estimated for contemporary (1981-2010) climatic conditions
and predicted relative productivity (scenario forecasts) for: B, warm-wet; C, hot-wet; D, warm-dry; E, hot-dry. RP=0.72(Temp)-0.12
(Precip)-0.04(Sand)+3.08, (table 3), where Temp is mean annual temperature in degrees Celsius, and Precip is mean annual precipitation

in centimeters, calculated from 30-year records (contemporary) or simulated conditions (general circulation models [GCM] results);
sand, percent sand in the surface soil attributes.
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Figure A1.5. Contemporary and predicted relative productivity of Bouteloua curtipendula (sideoats grama) using four climate
scenarios in the Southern Great Plains of the United States. A, Relative productivity (RP) estimated for contemporary (1981-2010)
climatic conditions and predicted relative productivity (scenario forecasts) for: B, warm-wet; C, hot-wet; D, warm-dry; E, hot-dry.
RP=1.13(Temp)+0.41(Precip)-0.004(Precip)>-0.07(Sand)-12.3, (table 3), where Temp is mean annual temperature in degrees Celsius, and
Precip is mean annual precipitation in centimeters, calculated from 30-year records (contemporary) or simulated conditions (general
circulation Model [GCM] results); sand, percent sand in the surface soil attributes.
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Figure A1.6. Contemporary and predicted relative productivity of Schizachyrium scoparium (little bluestem) using four climate
scenarios in the Southern Great Plains of the United States. A, Relative productivity (RP) estimated for contemporary (1981-2010)
climatic conditions and predicted relative productivity (scenario forecasts) for: B, warm-wet; C, hot-wet; D, warm-dry; E, hot-dry.
RP=0.26(Precip)-4.04, (table 3), where Precip is mean annual precipitation in centimeters, calculated from 30-year records
(contemporary) or simulated conditions (general circulation Model [GCM] results).
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Figure A1.7. Contemporary and predicted relative productivity of Sorghastrum nutans (Indiangrass) using four climate scenarios in the
Southern Great Plains of the United States. A, Relative productivity (RP) estimated for contemporary (1981-2010) climatic conditions and
predicted relative productivity (scenario forecasts) for: B, warm-wet; C, hot-wet; D, warm-dry; E, hot-dry. RP=0.17(Precip)+0.02(Sand)-7.4,
(table 3), where Precip is mean annual precipitation in centimeters, calculated from 30-year records (contemporary) or simulated
conditions (general circulation Model [GCM] results); and, sand is percent sand in the surface soil attributes.
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Figure A1.8. Contemporary and predicted relative productivity of Andropogon gerardii (big bluestem) using four climate
scenarios in the Southern Great Plains of the United States. A, Relative productivity (RP) estimated for contemporary (1981-2010)
climatic conditions and predicted relative productivity (scenario forecasts) for: B, warm-wet; C, hot-wet; D, warm-dry; E, hot-dry.
RP=3.08(Temp)+0.41(Precip)-0.16(Temp)?+0.14(Silt)-31.9, (table 3), where Temp is mean annual temperature in degrees Celsius, and

Precip is mean annual precipitation in centimeters, calculated from 30-year records (contemporary) or simulated conditions (general
circulation Model [GCM] results); silt, percent silt in the surface soil attributes.
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Model Convergence and Uncertainty

The range in model results, indicating agreement or disparity among predicted conditions for each indicator species, reflects
areas where the predicted productivity was similar for all climate scenarios evaluated or where model convergence was high
(figs. 1-9). High model convergence reflects productivity predictions that have low sensitivity to the choice of climate scenarios.
Low model convergence reflects higher uncertainty and sensitivity to the climate scenarios evaluated.

Figure A1.9. Agreement and disparity among relative production models using the four climate scenarios in the Southern Great Plains
of the United States. A, Pleuraphis mutica (tobosagrass); B, Bouteloua eriopoda (black grama); C, Bouteloua gracilis (blue grama);

D, Bouteloua dactyloides (buffalograss); E, Bouteloua curtipendula (sideoats grama); F, Schizachyrium scoparium (little bluestem);

G, Sorghastrum nutans (Indiangrass); H, Andropogon gerardii (big bluestem). Shades of blue indicate agreement (small differences),
yellow indicates moderate similarity, and shades of red indicate larger differences (disparity) among the climate-scenario model results.
The estimated relative productivity for each species is provided in the previous figures (appendix figures A1.1 to A1.8).
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